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A study of the return-on-investment (ROI) surfaces for a single 
reactor chemical plant (Westbrook (8)) with a discontinuous investment 
function confirms its unimodality in the valid region. In both cases 
studied, the return-on-investment surfaces rise smoothly to the 
adiabatic boundary from a singular flow rate below which two of the 
component flow are not physically realizable. The optimum is 
located on the adiabatic boundary. 
Comparison with these surfaces shows that using linear regression 
to obtain the parameters for an algebraic simulation of investment 
does not yield ROI values acceptably near the optimal. However, an 
heuristic approach, which assumes that minimizing the recycle heat 
exchanger area requires the optimal design to lie on the adiabatic 
boundary, was correct. 
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I. INTRODUCTION 
t1ason (4) examined the response surface formed by the return on 
investment of the Williams and Otto Chemical Plant (10). This study 
examines the return on investment surface of Westbrook•s Chemical 
Plant (8), as part of a continuing study of the characteristics of 
return on investment surfaces. 
A proper simulation of the return on investment surface will 
aid the search for optimal operation conditions and design specifi-
cations. One purpose of this study was to evaluate the use of - . 
simplified equations frir the investment which might simulate the 
return on investment surface well enough to locate the optimal 
conditions. In addition, it was desired to check the original 
economics with a general design program, such as UMR-CHESSE. Of 
particular interest were _ the discontinuities in the return on 
investment surface not shown in detail in Westbrook•s studies (7,8), 
although they were present in his cost functions. 
1 
II. WESTBROOK CHEMICAL PLANT 
The plant utilized in this study was originally designed by 
Westbrook (8) to determine the optimum, stable, design conditions 
for a liquid phase reactor. 
The plant flowsheet is shown in Figure 1. Symbols used in 
subsequent developments are also defined in Figure 1. A mixture of 
the two raw materials, with fixed concentrations, is fed to a 
continuous stirred tank reactor at a flow rate of 11 q11 g.p.h., a 
temperature of 100°F a,hd atmospheric pressure, 14.7 psi a. In the 
2 
reactor, two irreversible, temperature dependent exothermic reactions 
occur. They produce a byproduct B of no commercial value and the 
desired product P, according to the following reaction process: 
reaction 1 
reaction 2 
For simplicity, both reactions are assumed to be of first order and 
the properties of the reacting liquid mixture are taken as those of 
benzene. 
The reactor produces a fixed amount of product P, 164,000 lb 
moles per year. In order to maintain a temperature T in the reactor 
and in the product stream, a portion of the reactor effluent, 
including all four components, is recycled through a heat exchanger. 
T~J5J°F 
FEED ---.. .,_...,;;l--.......-R E A C T 0 R t-------2;;;.._ __ .....,.~---~ 
q = 2(lX) G.P.H. 
MASS BALANCE 
STREAM 1 2 3 
CHEMICAL LB/HR LB/HR LB/HR 
A 11716 16077 1324 
B 3906 28444 2343 
c 0 107184 8831 
p 0 38004 3124 
TOTAL 15662 189709 15662 
PRlDUCT 
q T 


















A + C 
k2 
B +A + P 
RECYClE PUW 
k; = P; EXP[E;/R(T + 460)] 
E1/R = E2/R = 1000°R (Case I) 
~H~ = -8000 BTU/MOL, p1 = 100/hr 
~H~ = -8000 BTU/MOL, p2 = 10/hr 
FIGURE 1. WESTBROOK CHEMICAL PLANT 
3 
In order to obtain an effective control of the temperature, part of 
the recycle stream bypasses the heat exchanger. The portion that 
goes through the water cooled heat exchanger drops 10°F, while the 
cooling water rises from 75°F to 100°F. 
4 
Figure 1 also shows the conditions for Case I ( 11 Monotonic type 11 ) 
of the two cases studied. Case II uses the same plant flowsheet, 
reaction system, production specifications with different kinetics. 
The reaction parameters for Case II ( 11 Ridge type 11 ) change the heat 
of reaction for both reactions to -30000. BTU/mole, increase p1 to 
200./hr, E1/R becomes 3500°R and E2/R becomes 500°R. 
The economics that Westbrook and Aris (7) use in this plant are 
realistic for the time of their study, 1959. They include details 
such as the addition of insulation after a 200°F reactor temperature 
is reached, higher cost of packing glands for pumps above 250°F and 
an increase of the design pressure of the heat exchanger after 330°F. 
The derivations of the equations for this plant are in reference 
(7) and are included in Appendix A. 
III. PLANT CHARACTERISTICS 
A. DISCONTINUITIES IN THE INVESTMENT 
The discontinuities in the investment are a function of the 
reactor or effluent temperature (see Appendix A). 
5 
A discontinuity appears in the reactor insulation cost at 200°F. 
Below 200°F no insulation was needed because in this temperature 
range the heat losses are negligible. Above 200°F, insulation will 
be required and is a function of temperature, producing an increase 
in cost. 
The second discontinuity occurs in the recycle pump at 250°F. 
The higher cost results from the need for more expensive packing 
glands above 250°F. 
The third discontinuity occurs in the recycle heat exchanger at 
330°F. The minimum design pressure for the recycle heat exchanger 
was set at 150 psig. At any temperature above 330°F, the design 
pressure should be greater than this, and a correction factor is 
needed. This also increases the recycle heat exchanger cost hence 
increasing the total investment. 
At each of these discontinuities, a jump increase in the total 
investment occurs. These increases in investment are reflected in a 
decrease in profit through an increase in the fixed operating costs 
of the plant. It can be concluded that at each increasing 
discontinuity in the investment, a decreasing discontinuity occurs in 
the return on investment. 
B. ADIABATIC BOUNDARY EQUATION 
Westbrook•s (8) difficulty in locating the true optimum stable 
design condition for his proposed plant arose because he did not 
study with sufficient detail his discontinuous investment function 
and failed to obtain the equation that properly describes the 
adiabatic boundary. 
For the symbols used in the following development see the 
Nomenclature. 
6 





Substituting into Equation (1) and rearranging: 
We kno\'J that: 
and 
A= (A0 - P) I (k1e + 1) = (Ao/P) -
1 
k1 1 
")(,:£' + p 
2 
0 c = c - p 
(1) 
(2) 
Substituting into Equation (2) and rearranging: 
A0 o ( p) - 1 ( -L\H2) Qp = q p ( -L\H~) [ k - + --- ] 
1+ (~ _ l) (ri-) ( -LIH~) 
We know from Westbrook's (8) choice of operating conditions that: 
p = 20 t 
q 
all three in moles/gal. 
Therefore 
both dimensionless. 
Substituting into Equation (3); 
from Appendix A: 
and 




Substituting in Equation (4): 
Equation (5) is the final expression for QP in terms of the 
independent design variables q and T, with the given parameters. 
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(5) 
It should be pointed out that when q = 800 g.p.h. Equation (5) 
is simplified to: 
(6) 
and the heat generated by the reactions at steady state is independent 
of T for Equation (6). It should also be pointed out that when E2=E1, 
for Case I (see Appendix A, Table III), the heat generated by the 
reactions at steady state is independent ofT. 
The heat absorbed by the liquid reaction mixture at steady state 
is: 
The heat removed by the recycle heat exchanger at steady state is: 
QR = U a (T - 94) = QP - Qs 
At the adiabatic boundary, at steady state, there will be no 




The minimum size restriction specifications on the recycle heat 
exchanger would cause another discontinuity at the adiabatic boundary, 
where it could be removed. It is felt that for this plant, th1s 
behavior in the return on investment function is spurious; and it is, 
therefore, ignored by keeping the minimum size of the recycle heat 
exchanger in the plant for calculating the return on investment at 
the adiabatic boundary. 
Under this condition Equation (5) reduces to: 
1 + :~ (WIT:- l)EXP[-(E2-E1)/R(T+460)] 
(8) 
Equation (8) is the expression for the steady state adiabatic 
boundary in terms of the independent design variables, q and T, with 
the given parameters. This equation, in general, must be solved by 
tria 1 and error. 
For some special cases, T can be solved explicitly in terms of 
q avoiding the time consuming trial and error procedure. One example 
of this is the case where E2=E1 , for Case I (see Appendix A, Table 
III). With this condition Equation (8) reduces to: 
When q =BOO g.p.h., Equation (8) simp1yfies to: 
C. BEHAVIOR OF ROI AT q = 800 g.p.h. 
Additional details for the Westbrook Plant (8) not apparent in 
his presentation, can be shown by considering the behavior of the 
ROI function at q = 800 g.p.h. 
After the proper substitutions are made to the ROI equation, 
appearing in Appendix A, Section 5, reduces to: 
10 
ROI 1.995 X 10
7 
= ------1 
2.10 X 10-4 (0.075- A) 9 
I 
so ut 
I - 9 (9) 
where 
9 
ut = n1 I c. ' 
i=7 1 
c7 through c9 are utility costs. 
6 
I = 5 n1 I C. i = 1 1 
where c1 through c6 are the equipment costs 
11 
and 
When q approaches 800 g.p.h. from above, P approaches C0 , with 
C approaching zero, which makes the residence time in the reactor (e) 
approach infinity. This causes A to approach zero, V (reactor volume) 
to approach infinity and the investment (I) to go to infinity. The 
first and second term on the right of Equation (9) clearly go to zero. 
In the third term, both Ut and I approach infinity at different rates. 
The behavior is complex and the limit of this term was obtained 
numerically. It happens that this limit is a function of both the 
flow rate q and the temperature T. But for temperatures in the range 
101 ~ T ~ 1~1°F, the limit has been estimated as -3.3% with the ROI 
approaching -12.3%. 
IV. RESULTS AND DISCUSSION 
In order to study the return on investment surface in detail, 
and to verify the results of Westbrook and Aris (7), a computer 
program was constructed and executed on the IBM 360/50 computer 
available at the University of Missouri-Rolla Computer Center. The 
equations for the material and energy balances, equipment sizes and 
costs as derived in Appendix A provide the values required by 
Section C of Chapter III, in order to calculate the return on 
investment as a function of flow rate q and temperature T. 
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The primary results of this study on the Westbrook Plant (7,8) 
are shown in Figures 2 and 5 for his monotonic type and ridge type 
plants. Both show that the surfaces of return on investment are 
increasing smoothly unti 1 reaching the adi ab,ati c boundary, \"/here 
there is no heat exchanger and the reaction rate is faster for a 
given flow rate which makes the reactor volume smallest. In Case I, 
Westbrook and Aris (7) report essentially the correct extreme at the 
edge defined by the adiabatic boundary; while in Case II, his value 
lies some distance away, both in the value of the optimum return and 
for the values of flow rate and temperature corresponding to it. 
Both surfaces (for Cases I and II) have a discontinuity in its first 
derivative at T = 250°F which is induced by the cost correlation for 
the recycle pump (C4), and one at 200°F induced by the discontinuity 
in the reactor insulation cost. The third discontinuity at 330°F, 
suggested by the discontinuity in the cost of the recycle cooler, 
(c6), is 0.5% for the 400% return on investment contour and is not 
noticeable in the diagrams. 
Figures 2 and 3 for Case I ( 11 t~onotoni C 11 ) shows that the high 
values of return on investment form a ridge which follows the 
neighborhood of the lower limit on q = 800 g.p.h., and the optimum 
13 
is located at the intersection of that ridge and the adiabatic 
boundary. The discontinuity implied by the cost of the reactor 
insulation is shown in Figure 4 which also illustrates the ridge near 
a value of q of 1200 g.p.h. These discontinuities do not affect the 
location of the optimum. 
Figure 5 show the contours for Case I I ( 11 Ri dge type 11 ). This 
surface is a curved slope rising toward the adiabatic boundary and 
the optimum is located just below the discontinuity at 200°F and some 
distance away from the value suggested by Westbrook and Aris (7). 
Westbrook (8) was forced to consider fewer points on the surface 
because of the slower speed of his computer. In Case I, his calcula-
tions covered flow rates up to 4600 g.p.h. which locates the optimum 
at 1600 g.p.h. In Case II, he considered values only to 3000 g.p.h., 
while the optimum lies at 4300 g.p.h. The behavior at the discontin-
uity for T = 250°F induced by the change in cost of the recycle pump 
is shown in Figure 6. No internal maxima are to be seen for either 
Cases I or II according to these studies. These figures show the 
necessity for search programs which can follow a ridge, and accept 
constraints and discontinuities in derivatives. The lower limit for 
the return on investment is indicated by the solid line at q = 800 
g.p.h. in Figure 5. Contours below this flow exist and are positive 
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FIGURE 3. LOCALIZED CONTOURS OF ROI - CASE I 
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imply negative values for flow rates of A and C. Also the cost 
program uses a lower limit for the volume of the reactor, so that 
the return on investment surface does not pass through the q = 800 
g.p.h. line with the shape implied by the equations. 
The UMR-CHESSE program was used to check the economics implied 
19 
by Westbrook (8) for Case I at q = 2000 g.p.h. and T = 150°F (see 
Appendix B, Table V). Comparison with Westbrook•s values (8) as 
reported in his thesis are within 0.1%. It was difficult to force 
Ut~R-CHESSE to match this plant in the execute mode because, with a 
product flow rate specification, the information flow is counter to 
th~t required by the UMR-CHEESE recycle calculation procedure. As a 
result additional UMR-CHEESE simulations were not made. Direct search 
was employed to establish the characteristics of the return on 
investment surfaces for both cases considered. Copies of the 
computer programs are included in the laboratory notebook, but are 
not included in the thesis. They are for the most part identical 
with those found in Westbrook•s thesis (8). 
An algebraic representation of a chemical plant consists of 
calculating the revenue and raw material costs directly from a mass 
balance and estimating the investment as some function of flow rates 
or other characteristic plant conditions. The simulation procedure 
suggested by ~1ason (4) was approached by cal cul ati ng investment, 
utilities, net profit and return on investment for selected values 
of the flow rate (q) and temperature (T). The values for investment 
and utilities were curve fitted, to see if an algebraic representation 
20 
for the plant behavior would be found which would represent the 
return on investment surface well enough to guide a more complicated 
plant simulation program, such as UMR-CHESSE, to the neighborhood of 
the optimal solution. Values for the revenue and raw material costs 
were always calculated from the material balance. The optimum was 
determined by direct search. 
Detailed studies of both the net profit and the investment (see 
Appendix A, Section 6) as functions of flow (q) and temperature (T) 
show no irregularities that suggest that approximate methods should 
fail for this plant. Tables I and II show, however, that attempts 
to correlate the investment as simple functions of q and T were very 
unsuccessful in predicting the region where the maximum return on 
investment waul d occur. The most successful approach \toul d be to 
use the intuitive idea that the investment would be least at the 
highest temperature because the recycle heat exchanger and the 
reactor volume would be smallest. A sequence of calculations for 
the return on investment made along the adiabatic boundary will locate 
the optimum quickly. 
When the reactor temperature (T) is 100°F, both the heat 
exchanger and the reactor volume are large, because of the lower 
reaction rate and the 25 degree temperature approach in the heat 
exchanger. The investment at this temperature is more than twice 
that at 150°F or higher (see Appendix A, Section 6). 
Figure 8 of Appendix A shows the investment (I) for Case I 
increases with increasing flow rate at 100°F. Above 150oF the 
1 nves tment 1 s more than a factor of t\'IO sma 11 er, and decreases \'lith 
21 
TABLE I 
CORRELATION COMPARISONS - CASE I 
Optimum: q = 1700 g.p.h., T = 249°F, ROI = 533.3%, I= $32,342.83 
Predicted Optimum 
Investment Correlation q T ROI I 
{g.p.h.) (oF) (%) ($) 
l) 167038. + 2.14281 q - 685.319 T 1000. 240. 3890.4 4704.69 
(99 points, all temperatures) 
£) 187549. + 1.23369 q - 788.993 T 1600. 240. 106365.6 165.31 
(479 points, all temperatures) 
~) 191813. + 17.9391 q - 1654.28 T 
- 5.17907 X 10-4 q 2 
+ 4.26368 T2 
- 7.35093 X 10-2 q T 1200. 200. 514.2 34643.19 
(383 points, all temperatures) 
4) 128760. + 4.69686 q - 793.984 T 
+ 1.79208 T2 
- 1.50700 X 10-4 T2 q 2300. 240. 512.3 32265.53 
(1652 points, T ~ 150°F) 
22 
TABLE II 
CORRELATION COMPARISONS - CASE II 
Optimum: q = 4300 g.p.h., T = 193°F, ROI = 685.4%, I = $27,718.10 
Predicted Optimum 
Investment Correlation q T ROI I 
(g.p.h.) (oF) (%) ($) 
1) 77080.0 - 5.76623 q - 117.347 T 2000. 500. 2675.9 6882.76 
(182 points, all temperatures) 
£) 64564.3- 1.15273 q - 51.7847 T 2000. 500. 499.1 36365.87 
(568 points, all temperatures) 
2) 127532. - 12.0927 q - 461.568 T 
+ 9.60983 X 10-4 q2 
+ 0.733063 T2 3000. 260. 638.9 29449.87 
(512 points, all temperatures) 
4) 60772.0 - 13.6772 q 
+ 4.40276 X 10-3 q2 
+ 1.22812 X 10-4 T3 
- 2.22264 X 10-7 q3 
- 1.06549 X 10-5 T q2 8000. 140. 801.2 23864.06 
(181 points, T ~ 150°F) 
23 
increasing flow rate. The equations of Table I show that including 
values of investment below 150°F cause the estimated investment to 
increase with flow rate, instead of decreasing as it should at 
higher temperatures where the optimum is located. Better prediction 
of the optimum occurs when the investment is correlated using higher 
order terms in q and T and only values above 150°F, as shown in 
Equation (4) of Table I. 
In Case II, net profit (Figure 9, Appendix A) shows a relatively 
flat, smooth maximum on the range 150 - 250°F while the investment 
(I) (Figure 10, Appendix A) shows a small range decreasing with 
increasing temperature and flow rate (q). With only modest accuracy 
in the investment correlation, the predicted optimum values will not 
lie close to the true optimum. This is shown by the results in 
Table II. Again, when the investment is correlated using higher 
order equation (Equation (4)) and values above 150°F, the predictions 
are far more accurate. 
24 
V. CONCLUSIONS 
1. The procedure for estimating the return on investment surface 
suggested by a linear representation for the investment used by 
Mason (4) is entirely inappropriate for the Westbrook Plant (7,3). 
2. The UMR-CHESSE results for the costs, investment, and return 
on investment of the Westbrook Plant (7,8) verify in all essentials 
the economics suggested in his original study. 
3. The mathematical analysis of the material balance for the 
Westbrook Plant (7,8) yields equations which locate the adiabatic 
boundary, and establish the singular behavior at q = BOO g.p.h. 
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= Reactant A; outlet concentration of reactant A, 
moles/gal. 
=Inlet concentration of reactant A, moles/gal. 
= Recycle heat exchanger area, sq. ft. 
= British thermal units. 
= Product B; Outlet concentration of product B, 
moles/gal. 
= Inlet concentration of product B, moles/gal. 
= Calories. 
= Reactant C; outlet concentration of reactant C, 
moles/gal. 
= Equipment costs, $/reactor. 
=Utility costs, $/yr/reactor. 
= Continuous stirred tank reactor. 
= Specific heat, BTU/°F/lb. 
=Specific heat, BTU/°F/gal. 
= Cubic feet. 
= Reactor diameter, ft. 
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= Activation energies for reactions 1 and 2 respectively, 
BTU/mole. 
= Degrees Fahrenheit. 
= Feet. 
= Square feet. 
























= Gram moles. 
= Gallons per hour. 
= Recycle pump horsepower. 
= Feed pump ho rs epowe r. 
= Hours. 
= Heats of reaction for reactions 1 and 2 respectively, 
BTU/mole. 
= Fixed plant investment, $. 
= Subindex. 
=Conversion constant, 0.1337 cu.ft/gal. 
= Degrees Kelvin. 
= Reaction rate constants for reactions 1 and 2 
respectively, 1/hr. 
= Pounds. 
= Log mean temperature difference, °F. 
= Pound mole. 
= Hililiters. 
= Minute. 
= Number of reaction processes. 
= Number of recycle heat exchanger per reaction process. 
= Total annual operating costs, $/yr. 
=Product P; outlet concentration of product P, moles/gal. 
















= Price of reactant A, $/mole. 
= Price of product B, $/mole. 
= Price of reactant C, $/mole. 
= Pressure correction factor. 
= Design pressure, psia. 
= Price of product P, $/mole. 
= Reaction rate constants for reactions 1 and 2 
respectively, 1/hr. 
= Production level of desired product P, moles/hr. 
= Pounds per square inch, absolute. 
= Pounds per square inch, gauge. 
= Reactor feed rate, g.p.h. 
= Heat generation in the reactor, BTU/hr. 
= Sensible heat difference, BTU/hr. 
= Recycle heat exchanger heat removal duty, BTU/hr. 
= Gas constant, BTU/ R/lb mole. 
= Degrees Rankine. 
= Return on investment. 
= Subscript that denotes steady state, or sensible. 
= Seconds. 
= Square feet. 
= Reactor temperature, °F. 
= Feed temperature, °F. 
= Overall heat transfer coefficient, BTU/hr-°F-sq ft. 




= Reactor volume, cu. ft. 
= Years. 
GREEK LETTERS AND SYMBOLS 
p = Density, 1 b/ cu. ft. 
l = Summation of elements following. 
8 = Residence time in reactor, hr. 
$ = Dollars. 
% = Percent. 
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1. Derivation of material and energy balance equations. 
Westbrook and Aris (7) initially designed the plant. It is 
used in this study because its details are presented in the original 
article for general reference. 
The reactions taking place in the reactor are: 
kl 
~Ho A~ B 1 Reaction 1 
k2 
~Ho A + c ~ p 2 Reaction 2 
where molecular weights are: 
A,B,C = 78.108 
p = 156.216 
and ~H~, and ~H~ are the heats of reaction for reactions 1 and 2 
respectively expressed in BTU/lb mole A and BTU/lb mole B. 
Stoichiometry indicates that: 
Reaction 1 ~ 1 lb B/lb A. 
Reaction 2 ~ 2 lb P/lb A and 2 lb P/lb C. 
The rates of reaction of A in reaction 1, and of C in reaction 
2 are given by: 
rA = - k1 A, lb moles A/gal-hr. 
rc = - k2 c, lb moles C/gal-hr. 
where k; = P; EXP[-Ei/R(T+460)] for i = 1,2. 
numerical values for k. 
1 
are: 
For T = 150°f: 
k1 = 19.410 1/hr. Case I. 
k -2 - 1.941 1/hr. - Case I ~ 
k = 1 0.644 1/hr. - Case I I. 
k = 2 4.406 1/hr. - Case I I. 
TABLE III 
REACTION CONSTANTS 
o (BTU (hr- 1) E. Case i tJ-ii mole) p. _1 (oR) Basis 1 R 
I 1 -8000. 100. 1000. 1 lb mole of A 
I 2 -8000. 10. 1000. 1 lb mole of C 
II 1 -30000. 200. 3500. 1 1 b mole of A 
II 2 -30000. 10. 500. 1 1 b mole of C 
A mass balance around the reactor, which is the only piece of 
equipment in which the mass species flow changes, at steady state 
gives: 
0 = Ao A - k1 A qvk - ' k2 c_L 
. q k 
0 = co c - v - k2 c ql( 
0 = - v B + k1 A ql( 
0 = - v P + k2 A ql( 
34 
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When it is assumed perfectly mixed, constant volume, continuous stirred 
tank reactor (CSTR); the reaction taking place in the liquid phase. 
The energy balance equation for the reactor fluid flow at steady 
state is: 
2. Design equations. 
The volume of the reactor is: 
k q PL 
v =----
k2(qCO-PL) 
The area of the recycle heat exchanger is: 
a = -k1JI.V{LIH~) - k2CV(LIH~) - qCpp(T-T0 ) 
(43+0.0452T)(T-94) 
3. Equipment cost equations. 
Based on 1959 costs, the cost of the reactor with the proper 




3 + 60.7d2 + 160.5d]0"782 
c1 = 3.5[(0.0909d
3 + 0.482d2)P0 + 36.6d
2 
+ 160.5d]0· 782 
+ [17.2+0.0133T]d2 
d = (-V-)1/3 1.70 
P0 = so 
PO = 25 + 3.3 x l0- 6T3 
for T ~ 200°F 
The above equations indicate that a first discontinuity in the 
investment (I) cost occurs at 200°F. 
Miscellaneous reaction costs: 
c2 = lOOO. + 100. d 
Cost of the reactor mixer: 




Cost of the recycle pump: 
C4 = 580 (HP2)0.467 
C4 = 922 (HP2)0.467 
where: 
This indicates that a second discontinuity in the investment (I) 
occurs at 250°F. 
Cost of the feed pump: 
C5 = 580 (HP3)0.465 
where: 
HP3 = [6.95 X l 0-
4 + 4.59 x 10-11 T3]q 
Cost of the recycle heat exchanger: 
For T < 330 F c6 = 193 n a0.546 2 
For T > 330 F c6 = 193 p 0.546 n2 CF a 
where: 
. -9 3 PCF = 0.962 + 1.68 x 10 T 
36 
n2 is the number of recycle heat exchangers per reaction process, 
since the area per recycle heat exchanger was restricted to 
50< a< 4000 sq ft (Reference {7)). This indicates that a 
third discontinuity in the investment (I) cost occurs at 
330° F. 
The total plant investment, I, will then be: 
6 
I = 5 n I C., with discontinuities : at 200°F, 250°F 
1 i=1 1 
where: 
37 
n1 is the number of reaction processes, since the diameter 
of the reactor was restricted to 1.25 ft < d < 9.67 ft 
(Reference (7)). 
5 is the Lang factor for fluid processes, (Reference (7)). 
4. Operating costs. 
Labor Cost = $11,000./hr. 
based on 4 man-hours/shift at $2.52/man-hour, 3 shifts/day and 
365 days/hr. 
Plant Burden = 0.18 I, a fixed percentage of the total invest-
ment (I). This will include: 10% of I for depreciation, 4% 
for maintenance, 2% for taxes, 1% for supplies and another 1% 
for insurance. 
Utility Costs: 
Mixer power: c7 = 3.10 v 
Feed pump power: c8 = 61.10 HP3 
Recycle pump power and cooling water for the recycle heat 
exchanger: 
Hence the total Utility Cost is: 
Raw Materials Costs: 
Cost of A reacted = 8200 q PA (A0 - A) 
for 8200 hrs/hr of total operating time, where PA = 
$0.05/lp mole. 
Cost of C reacted = 8200 q Pc (C0 - C) 
wher.e Pc = $0.50/lb mole. 
Only the amount of raw material used was considered because 
Westbrook (8) assumed that the cost to separate and recycle the 
reactants from the product stream will be constant and independent 
of their concentration. 
The total annual operating cost will then be: 
OC = 11000. + 0.18 I + Ut + Raw Materials Costs. 
5. Return on investment equation. 
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The revenue for this plant will be the sale of the fixed 
production of 164000 lb moles of product P per year at $3./lb mole 
totaling $492,000./hr. The income tax was taken as 50% of the gross 
profit (Reference (7)). 
Therefore: 
ROI 0.5(492000 - OC) X 100 = I 
6. Plots of Net Profit and Investment for Cases I and 11. 
Figures 7 through 10 contain the plots of NET PROFIT = 
0.5(492000-0C) and Investment (I) vs. the flow rate q at constant 
T for Cases I and II. This is done to give an idea of what these 
functions look like. 
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The discontinuities shown are caused by the presence of one 
additional recycle heat exchanger per reactor (Figures 7 and 8). 
This was necessary because at 100°F the recycle heat exchanger area 
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An evaluation of Westbrook's (8) economics was obtained by 
comparing his studies with those of the UMR-CHESSE general design 
program. The physical constants of components A, B, and C in the 
reacting liquid were assumed to have the properties of benzene. 
Component P had the properties of benzene with twice its molecular 
weight. These physical properties are summarized in Table IV, and 




Constant A B c p 
Critical Pressure 714.23 714.23 714.23 714.42 
(psi a) 
44 
Critical Temperature 1012.697 1012.697 1012.697 1012.698 (oR) 
Critical Volume 260.0 260.0 260.0 260.0 
(ml/gm mole) 
Molecular WeiJht 78.108 78.108 78.108 156.216 (gm/gm mole 
Accentric Factor 0.213 0.213 0.213 0.213 
Solubilit) 1~~rameter 9.158 9.158 9.158 9.158 (cal/ml 
Molar Volume 12.26 12.26 12.26 12.26 
(ml/gm mole) 
The second step was to set up Westbrook's Plant (8) using 
UMR-CHESSE modules as shown in Figure 12. 
45 
An arbitrary pair ofT and q (150°F and 2000 g.p.h.) were 
chosen to perform this design. These results are essentially the 
same as with Westbrook's economics (8) and a brief comparison is 
shown in Table V. The precision needed to iterate successfully to 
obtain the material balance from UMR-CHESSE was quite high (0.0001) 
and it took an unusually large number (80) of recycle calculations 
for the program to converge. This is probably because the magnitude 














For: Case I, year 1959 
~Hi = ~H2 = -8000. BTU/mole 
q = 2000. g.p.h. 
T = 150.°F 
Westbrook 
328.4% 
$166785.50 
$ 50787.03 
23?35? 
Ut·1R-CHESSE 
328.9% 
$166909.75 
$ 50747.75 
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